Background: The aim of this study was to assess whether minimal residual disease (MRD) at the end of induction front-line treatment can serve as a surrogate endpoint for event-free survival (EFS) in childhood B-lineage acute lymphoblastic leukemia. Methods: The analysis was based on individual data of 4830 patients from two large phase III trials that asked a randomized question on the effect of different corticosteroids (dexamethasone vs prednisone) during induction chemotherapy on EFS. The association between MRD classified in three ordered categories [negative ¼ 0, low positive ¼ (>0 and <5 Â 10
The level of MRD remaining in bone marrow after completion of 1-3 months of multiagent chemotherapy is a well-known strong prognostic factor for EFS and OS in children with newly diagnosed ALL and is used routinely to assess treatment response and stratify treatment intensity and/or allocate patients to alternative therapies, such as hematopoietic stem cell transplant in first remission (1) (2) (3) (4) (5) (6) (7) . However, it is not known whether early MRD response is a surrogate endpoint for EFS in evaluating efficacy of randomized treatment interventions. The consideration of MRD as surrogate trial endpoint is based on a high degree of biological plausibility and on robust evidence around its prognostic value, but no validation studies have been performed to date to assess the ability of MRD to capture the effect of randomized treatment interventions on EFS in pediatric ALL trials, as pointed out in a recent meta-analysis (3).
To our knowledge, this study addresses for the first time in childhood ALL the evaluation of surrogacy of MRD levels at the end of induction treatment. A meta-analytic approach was used on individual patient data from two large, randomized, phase III trials that compared efficacy of dexamethasone vs prednisone administered during induction chemotherapy.
Methods

Trials and Data
Two large, randomized, phase III studies comparing dexamethasone vs prednisone during induction therapy for children with B-precursor ALL were considered for surrogate marker evaluation. The two trials were conducted in Europe (AIEOP-BFM-ALL2000, n ¼ 2955; NCT00613457 and NCT00430118) and North America, Australia, and New Zealand (COG-AALL0232, n ¼ 1875; NCT00075725) (8, 9) . Data of children with measured MRD levels according to categories commonly used (5-7) were included in this individual meta-analysis and pooled according to a prespecified data structure. Patients in COG-AALL0232 were randomized for corticosteroids and either Capizzi or high-dose methotrexate in a 2 Â 2 manner. For the purpose of this analysis, due to the significant quantitative interaction between methotrexate regimens and type of corticosteroid (8), we considered separately Capizzi (n ¼ 945) and high-dose methotrexate (n ¼ 930) groups as if they were two studies (COG-Capizzi and COG-High Dose MTX).
Patients were randomly assigned to receive either dexamethasone (10 mg/m for AIEOP-BFM-ALL2000 and COG-AALL0232, respectively, with an overall median follow-up of 8.1 years (9.1 years AIEOP-BFM and 6.9 years COG). Details of the design, study population, treatment protocol, and results of the randomized interventions have been previously reported (8, 9) .
Statistical Methods
Surrogate Endpoint
The candidate surrogate endpoint was MRD at the end of the induction phase classified in three levels: negative (0), low positive (>0 and <5 Â 10 The trials included evaluation of MRD at induction day þ33 (Ig/TCR/PCR-MRD in AIEOP-BFM-ALL2000) and þ29 (flow-cytometry MRD in COG-Capizzi and COG-High Dose MTX), respectively, with a sensitivity of at least 10 -4 . Details on how MRD was assessed have been published previously (5-7).
True Endpoint
The primary clinical endpoint (ie, true endpoint) was EFS, defined as time from randomization to resistance at the end of induction, relapse at any site, second malignant neoplasm, death in remission, or last follow-up (censored observation), whichever occurred first. This definition of EFS differs from that previously reported in two aspects: 1) death during induction cannot be an event because this precludes MRD availability; 2) resistance is defined at day þ29 in the COG trial and at day þ33 in AIEOP-BFM, whereas in the AIEOP-BFM protocol the final evaluation of resistance was after consolidation therapy.
Evaluation of Surrogacy
The meta-analytic, multi-trial approach proposed by Burzykowski (10) was used to assess whether MRD is a valid surrogate endpoint for EFS. This approach relies on having a large number of trials, at least 10 when the trial level surrogacy is the quantity of interest (10) . Here only two trials were available; yet because they were large multicenter trials, centers within each trial were grouped according to geographical area to define many trial units for the purpose of analysis. The approach grouped centers of neighboring regions in Italy and Germany and neighboring states/provinces in the United States/Canada to create trial units. The sites in Switzerland, Austria, Australia, and New Zealand constituted separate trial units. The procedure resulted in 28 trial units (6-9 trial units per group) with a median of 170 patients per trial unit (range 83-343 patients).
The association between MRD and EFS was investigated at both the patient and trial level (10) according to the intentionto-treat approach. Because the individual level surrogacy measures the association between the potential surrogate endpoint and the true endpoint (adjusting for treatment effect across all the trial units), it involves a multi-trial joint modelling of MRD and EFS. The bivariate Plackett copula model, with a parameter h representing a global odds ratio, was adopted. The trial level surrogacy assesses the association between treatment effects on the surrogate and those on the true endpoint across all trial units and describes how well treatment effect on clinical endpoint can be predicted in a future trial based on the observed treatment effect on the surrogate. The quality of the surrogate at the trial level was assessed by using linear regression and by the coefficient of determination R 2 trial , adjusted for the presence of estimation error in treatment effects. An R 2 trial value of at least 0.80 is required to declare trial level surrogacy (10) . Because trials were split into trial units, the analysis was adjusted in the sense that, for each trial unit, separate treatment effects for the surrogate and true endpoints were considered, yet baseline hazards and shifts in the proportional odds models were assumed constant within trials. Thus, a proportional hazards model with Weibull trial-specific baseline hazard functions was used to estimate the effect of treatment on EFS, while treatment effect on MRD in three ordered categories was modelled by a proportional odds model with constant shifts within trials. No major departures from the parametric models assumptions were found. A SAS macro by Burzykowski (ressurCc) was used for the evaluation of surrogacy.
For descriptive purposes, trial/trial units treatment effects on MRD and EFS, along with the corresponding 95% confidence intervals (CI), were estimated through (cumulative) odds ratio (OR) and hazard ratio (HR) by the proportional odds model and the Cox model, respectively. A Cox model, stratified for trial, was used for estimating hazard ratios and testing treatment effects (score test) within each MRD category.
Sensitivity and Subpopulation Analyses
Additional sensitivity analyses were performed 1) censoring EFS at 2 and 3 years to evaluate short-term effects of MRD, 2) using two MRD categories (0 vs >0 and <5 Â 10 -4 vs >5 Â 10 -4
) to simplify models and interpretation, and 3) considering relapse-free survival as additional true clinical endpoint. For this analysis, the adopted Cox model was on cause-specific hazard of relapse.
Surrogacy was further examined within subpopulations defined by key patient characteristics (eg, high-risk patients defined according to National Cancer Institute (NCI) criteria, defined as age !10 years or initial white blood cell count [WBC !50 Â 10 9 /L] (11) and within children aged <10 years), by MRD protocol (PCR vs flow), and by study (excluding COGCapizzi).
Results
Patient Description
A total of 4830 patients were considered, with a median age of 5.4 years and a median WBC count at diagnosis of 3.9 Â 10 9 /L; 53.1% of patients were male. Induction treatments with prednisone or dexamethasone were equally distributed in the three studies; patient characteristics were balanced between the two treatment arms within each trial (Supplementary Table 1 Figure 1A . A statistically significant difference between dexamethasone and prednisone in two out of the three MRD categories was detected (MRD negative: HR ¼ 1.56, P ¼ .0002; MRD low-positive: HR ¼ 1.01, P ¼ 0.92; MRD positive: HR ¼ 1.30, P ¼ .01). This indicates that MRD is not a surrogate for EFS according to Prentice's definition (10) mainly because, within the two subgroups defined as negative and positive MRD levels, EFS curves by treatment are not superimposable. This pattern was consistently seen for the three studies (Figure 1, B-D) .
Analysis on Surrogacy
The meta-analytic approach showed that MRD at the end of induction is a poor surrogate for treatment effect on EFS (Figure 2) at the trial level, with R 2 trial ¼ 0.09 (95% CI ¼ 0.00 to 0.29), while at the individual level it showed a considerable prognostic association with EFS, after adjusting for treatment group, with an estimate of h ¼ 3.90 (95% CI ¼ 3.35 to 4.44). This indicates that the odds of failure beyond a generic time t for larger MRD levels (low-positive and positive) were at least 3.9 times greater than the odds for lower MRD levels (negative).
Sensitivity analyses were conducted on short-term EFS (at 2 and 3 years), which might be more likely to be influenced by MRD than long-term outcome, with results highlighting a slightly higher prognostic association (h ¼ 4.30 and 3.98) and surrogacy at trial level of 0.02 and 0.05 (Table 2 ). Similar figures were obtained when two MRD categories were considered, contrasting negative vs any positivity or negative and low-positive vs highly positive measures. The analysis of MRD surrogacy on relapse-free survival resulted in a higher trial level association (R 2 trial ¼ 0.19) and a similar prognostic value of MRD (h ¼ 4.25) compared to remaining analyses.
Additional analyses on relevant subgroups generally confirmed the previous findings both at the trial-and patient prognostic-level association. Results were similar in patients <10 years age and in high-risk patients defined according to NCI criteria (ie, excluding the non-high-risk AIEOP-BFM patients) both at the patient level (with values of h 3.68-4.01; Table 2) and at the trial level association (with generally low values of R 2 trial ; Table 2 ). Excluding the COG-Capizzi arm did not substantially change the results on surrogacy, and the same consideration holds when analysis was separately performed by MRD quantification methodology (Table 2) .
Discussion
To assess whether early MRD could serve as a surrogate for EFS in evaluating the effect of randomized treatment interventions in childhood B-precursor ALL, the currently available evidence from randomized trials on corticosteroids in induction was used. MRD was analyzed at the end of induction where it likely expresses more efficiently the effect of randomization. Individual data from the two largest collaborative trials conducted worldwide from 2000 to 2011 were pooled. Using a metaanalytic approach, we found that MRD, in three ordinal categories defined according to standard cut-points, is a poor surrogate for EFS at the trial level, indicating that the effect of the randomized corticosteroids (dexamethasone vs prednisone in induction) on the MRD level at end of induction does not reliably predict the effect of the intervention on EFS. In contrast, the analysis showed a strong association between end-induction MRD level and EFS time for individual patients, regardless of treatment, confirming the extremely strong prognostic effect of early MRD response on clinical outcome. These results were consistent across sensitivity and subgroup analyses. This is the first attempt to our knowledge to explore individual and trial dimensions of MRD surrogacy in the context of childhood ALL. Two studies recently performed in chronic lymphocytic leukemia (12) and in multiple myeloma (13) corroborated the prognostic impact of MRD but omitted the evaluation of trial level association, which is mandatory for supporting the use of MRD as a substitute endpoint for long-term clinical outcomes, as pointed out in two commentaries from the NCI Biometric Research Branch (14, 15) . The strong prognostic value of achieving MRD negativity at the end of induction therapy was demonstrated in both pediatric and adult patients with ALL in a recent meta-analysis (3) and strongly confirmed in the current study. The key question asked in the current analyses is whether end-induction MRD could serve as a potential early endpoint that might be used for accelerated approval of a new drug, which requires that the effect of the randomized intervention on MRD accurately reflects the effect of that intervention on EFS to confirm benefit on EFS or OS (16) . The statistical metaanalytic approach to validation we used is recognized as a standard method to address this issue. The included trials are different in some aspects, for example, eligibility criteria, induction regimens, and post induction therapies. The presence of these diversities, which implies additional sources of heterogeneity in the analysis, is a strength in terms of generalizability of results of the validation process to future clinical trials. More importantly, the methods used for MRD measurement are different (PCR in Europe and FCM in North America) but quite concordant (17, 18) . We performed the analysis considering MRD as an ordinal surrogate endpoint, defining the three MRD classes commonly used in clinical practice (ie, MRD negative, low-positive, positive), because categorical data were available only for BFM (5) . No further investigation was carried out on the subset of MRD data as a continuous variable, because this requires the development of an appropriate statistical method able to validate a highly skewed marker with a high proportion of zero values as a surrogate.
The evaluation of surrogacy with a multi-trial approach ideally requires a relatively high number of trials. We acknowledge here the limitation that with two trials, we may not have captured all the relevant variability needed to optimally evaluate the ability of the effect on a putative surrogate to predict the effect on a definitive endpoint (in a new trial in which only the surrogate endpoint would be measured). However, given the large number of patients and centers in the trials, we were able to artificially increase the trial level sample size by dividing the trials into many trial subunits in which treating centers were aggregated according to extended geographical areas sharing the same reference population (10, 19) . Other methods for defining trial units, for example, small vs large centers, would likely introduce bias and only a random-based grouping could be an alternative. This, however, would lose the geographical reference population. The hierarchical structure of our data (geographical areas within trial) was accounted for in the analysis by adjusting the models to account for the common trial. As shown by Renfro et al. (20) , the analysis based on trial units nested within trials can potentially inflate the estimate of triallevel surrogacy, suggesting the use of the surrogate when it is not correct, which is not the case in our setting. Also, the variability in treatment effects, which surely increased the background noise, is relevant for the validation process because a broad range of treatment effects on both the surrogate and the true endpoint is required.
We acknowledge two additional limitations that might have contributed to dilute the potential of MRD in being a valid surrogate in the context of front-line ALL treatments. The effect of type of corticosteroid on MRD distribution at the end of induction is relatively limited in size and not uniformly in favor of dexamethasone in the three groups. On the other hand, treatment effect on the true endpoint is coherent across groups although limited in size in one group (Table 1) . Conditions for surrogacy are, however, that treatments must have a clear effect both on surrogate and true endpoint, at least in some trials, and that the effects must be concordant. Moreover, post-induction treatment complexity and intensity, partly tailored on MRD itself as a key criterion to modulate the intensity of subsequent therapy, may have also confounded the effect of induction treatments on EFS. This raises concern about the likely success of pursuing the utility of MRD as a surrogate endpoint rather than focusing on its current use as a powerful prognostic factor. It is also important to acknowledge that the above limitations did not impact the powerful value of MRD as a prognostic biomarker at the individual patient level.
What lessons can be learned from this study? First, a marker that is a strong prognostic factor cannot be automatically assumed to be a surrogate, which goes against a common belief that is hard to overcome in the medical community (12, 13) . Indeed, surrogacy needs to be specifically evaluated also at the trial level (14, 15) : if a potential surrogate endpoint such as MRD is highly correlated with a true endpoint, then a beneficial (or detrimental) effect on the marker between randomized groups would imply a beneficial (or detrimental) effect in EFS between these groups. If this is not the case, as in our context, the marker remains prognostic in both treatments, but a relevant difference between treatments cannot be assumed on the true endpoint. Second, the fact that a marker is not a surrogate for given drugs or a class of drugs in a given disease should not prevent the investigation of the same marker for other drugs or in other diseases, owing to possible different drug mechanisms of action within different treatment schedules. In particular, the use of MRD for screening new drugs in terms of activity may still be explored, especially when randomized, early-phase studies adopt an add-on design (a standard chemotherapy regimen with or without addition of a new drug). Third, in a complex and long treatment protocol, such as the one adopted in ALL, the timing of the marker measurement might be important. For instance, there could still be hope for surrogacy of an MRD measurement made later in the treatment course (although this might require standardization of the therapeutic approach before the MRD measurement). Fourth, it is difficult to establish surrogacy of a marker measured early in time on a long-term outcome, in particular when therapeutic decisions are taken based on this marker. A bias in either direction might affect surrogacy, with no statistical methods available to adjust for it. For instance, if more aggressive therapy to MRD-positive patients provides a benefit, treatment effect on EFS, along with surrogacy association, would be attenuated and the opposite would happen if treatment is detrimental. Finally, the need for many large, randomized trials for evaluating surrogacy may limit the application in rare diseases. In the context of pediatric ALL, this limitation may pave the way to future validation studies on MRD, which expand the collection of trials to randomized questions on different classes of drugs. This broader approach may be informative unless increased variability further diminishes the surrogacy association.
In conclusion, despite the strong patient-level impact of end-induction MRD as a prognostic biomarker, the results of our study suggest that clinicians and regulatory bodies should be cautious in using early MRD response in the context of complex multiagent ALL therapy as an early surrogate endpoint to predict the effect of a randomized treatment intervention on longterm EFS. 
